Putting digital technologies at the forefront of Industry 5.0 for the implementation of a circular

economy 1n manufacturing industries

Abstract
Together with a human-centered approach to designing and operating production and logistics in
an industrial context, digital technologies can lead to a sustainable, resilient, and human-centric
Industry 5.0 (I5.0). This paper 1s one of the first interdisciplinary studies integrating digital
technologies and circular economy (CE) concepts in 15.0. Using expert-based surveys of industry
leaders and analytical hierarchical process techniques advances the knowledge and theory of CE and
technology management by empirically mvestigating the influence of 15.0 on CE aspects mn
manufacturing. The novel results presented here can enable policymakers and industry leaders to

design effective CE strategies.
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Sustainable resilient.



1. Introduction

A decade after the advent of 14.0, the European Commission, formally announced its new initiative,
Industry 5.0 (I5.0) in 2021 [1,2]. 15.0 complements 14.0 and emphasizes the need for sustainable
and resilient human-centered industries. It underscores the importance of aligning businesses with
societal values and social responsibilities beyond digitalization, the mainstay of 14.0. It combines
human-centeredness, sustainability, and resilience across technological, social, and ecological
spheres [2,3]. The evolution of industrialization from I4.0 to 15.0 emphasizes human elements and
sustainability in cyber-physical systems (CPS) and the need to humamze the technological

environment of 14.0 [64].

In a 2016 study published in the World Economic Forum, Klaus Schwab outlined how the 14.0
would change society and economy [74]. While 14.0 referred to interconnected machines, processes
and systems for optimizing performance, 15.0 involves collaborative interactions between humans
and machines to increase efficiency and sustainability [3,4, 76,77,78]. 15.0 combines the promises
of 14.0 with greater focus on sustainability, ethical and socially responsible practices, and greater
mtegration between human beings and technology [3,4]. In contrast to 14.0, which focuses on short-
term profitability and shareholder value creation, 15.0 aims to promote long-term sustainability and

stakeholder value creation [64]. It provides a new impetus to the evolution of circular economy (CE)

In contemporary organizations through the adoption of advanced digital technologies [3,4]."

While an economy based on digital models emphasizes automation, rationalized production
processes, efficiency, and reduced costs, an economy based on a circular model focuses on reusing,
recycling, and reducing waste, as CE mainly focuses on 6Rs —Recognize, Reconsider, Realize,
Reduce, Reuse, and Recycle—to align organizations and society with sustainability [5]. By combining

these two approaches, 15.0 aims to achieve more efficient and sustainable production processes

I Previous studies have explored the benefits of 15.0 in CE implementation at an abstract level [3,4].



[3,4,39,66]. Thus, 15.0 builds on I4.0 technologies while focusing on sustainability and human-
machine interaction towards CE [76]. It promotes a concept of industry that extends beyond the
simple economic model of profit and calculates the benefits of a sustainable industry-created

prosperity [76,66].

While extant literature has examined the connections between 14.0 and 15.0 [3,4, 39,66, 76,77,78],
there 1s little understanding as to which technologies should be focused on for achieving CE in 15.0
[76,77,78], and the msufficient empirical evidence at the intersection of digitalization and CE in 15.0
research has resulted in a crucial managerial dilemma: should organizations mvest in digital
technologies or pursue human-centered, sustainable, and resilient strategies? Additionally, what
technologies of 15.0 should be prioritized so that circular economy principles can simultaneously be
achieved? As businesses are faced with the challenge of making informed decisions about potential
mvestments, the paper aims to examine these crucial research questions to shed light on technologies

that can advance CE in 15.0 and enable a more efficient and effective CE implementation in a

digitalized future.

Using an expert-based survey conducted among 52 decision makers involved in transforming their
respective organizations toward CE in India, Japan and Taiwan, the paper identifies and prioritizes
digital technologies that can advance CE implementation mn 15.0. The paper makes a novel
contribution to the literature at the intersection of the emerging debates on 15.0 and CE by
examining which digital technologies should be prioritized for the implementation of the CE during
transition mto 15.0. Furthermore, the paper makes a methodological contribution by following a
new approach of using Interval-Valued Fuzzy Sets (IVES) in context of 15.0 and CE and having the

Fuzzy Evaluation Method (FEM) integrated with AHP for the empirical analysis.

The next section presents a critical review of scholarly articles on CE and 15.0. The third section

offers an overview of the research methodology. It describes the data collection process and the



analytical approach used in the paper. The fourth section presents the perception of experts on
the significance of 15.0 technologies that are prioritized using a fuzzy analytical hierarchical
process (FAHP) in the context of CE. The final section presents the conclusion, research

implications, limitations of the study, and future research directions.

2 Literature Review

2.1 Circular economy (CE)

Conceptually, CE combines elements from a variety of scientific fields, including emerging fields
that include industrial ecology, eco-efficiency in cradle-to-cradle design, circular material flow and
development, resilient social, ecological economics, ecological systems, and natural capitalism,
amongst others [6,7,8]. A widely accepted defimtion of circular economy, given by MacArthur [9],
refers to regenerative or sustainable industrial production [10,11]. The different aspects of CE along

the product lifespan are summarized in Fig.1.
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Fig.1 Circular economy model (adapted from Pajula et al., 2017 [12])



As Fig. 1 suggests, an economy built on a circular model replaces end-of-life thinking with
repurposing, prioritizes sustainable resources, eliminates hazardous substances, promotes reuse,
and reduces waste by optimizing products, processes, and systems [13,14,15]. As a result, CE
mvolves all activities, from mining to manufacturing to delivery, arranged to ensure that one waste

of one business becomes another's resource [16,17,18].

However, according to critics, CE's blurry boundaries, ambiguous conceptual foundation, and
barriers to adoption make i1t necessary to study its mmplementation aspects from different
perspectives. Corvellec et al. [21] argue that CE is based on an unrealistic technical and economic
agenda, resulting in uncertainty. Murray et al. [22] suggest that CE underestimates the challenges
mvolved in its implementation despite being presented as the solution to sustainability. Niskanen et
al. [23] argue that CE perspectives are shaped by industry interventions, policies, and their
mteractions [23]. Notwithstanding their industrial ecology roots, CE metaphors still lack clarity on
the technical context of their implementation as perfect circle [21]. According to Imgo & Blok [24]
and Korhonen et al. [13], CE practices have emerged without clear boundaries and policy
implementation aspects from the European Union, which makes it a fascinating topic to study from

other perspectives.

The concept of CE1s not a theory, but rather a method for manufacturing and consuming goods as
an umbrella concept that generates interest and excitement because it can help establish a new
framework for dealing with a multitude of problems, but it comes under intense scrutiny when
implementation raises doubts and concerns. The effortis also supported by a growing number of

corporations and local governments [25,26].



2.2 Transition from Industry 4.0 to Industry 5.0 and the Circular Economy

15.0 builds on 14.0, where the priority has been automation, to focus more broadly on human-centric
approach, cross-sector collaboration, and circular economy to leverage technology for a better future
[76,77,78,79]. The transition from 14.0 to 15.0 mvolves moving to a circular economy system that
focuses on reusing resources and reducing waste [2,27]. Using digital technologies to enable
sustainable growth, 15.0 extends 14.0 to take technical innovation and environmental sustainability
to a new level of CE [46]. Complementing the United Nations Sustainable Development Goals, 15.0
aims to achieve a holistic approach in sustainability, resilience, economic growth, and ecological
protection [46]. Furthermore, it promotes digitalization with circular economy at its core
[76,77,78,79]. Thus, 15.0 aims to make production processes circular: reuse, repurpose and recycle

natural resources and mimmize waste and pollution. [46,65].

Developed by the European Commission in 2021, 15.0 1s a plan for a resilient, sustainable, and
human-centric European Industry that effects a fundament shift in the 14.0 paradigm [2,3]. The
German high-technology strategy program in 2011 envisioned 14.0, which combined several cutting-
edge concepts with digital technologies to revolutionize industries [29]. 14.0 is characterized by
disruptive digital technologies that transform the way businesses design, develop, manufacture
products and services [30,31]. 14.0 technologies enable manufacturers to increase productivity,
efficiency, and cost efficiency, differentiate themselves from their competitors, and improve service,
delivery, and quality [30,32]. They enable organizations mmprove efficiency and productivity
through the transformation of business processes [33,34,35]. However, while 14.0 did not consider
sustainable manufacturing targets, 15.0 was conceived to facilitate the co-involvement of humans and

sustamability [2].



The European Economic and Social Committee describes 15.0 asa combination of CPS and human
mtelligence to promote sustainability [36]. Within 15.0, the European Commission outlines
economic, ecological, and societal aspects of sustaiability which are also along with micro goals [37]
aligned with the triple bottom line goals of CE. As described by the European Commission, 15.0
does not follow 14.0 chronologically, but instead complements and updates it as well as adding socio-
environmental dimensions [38]. With this new focus, industrial development 1s pushed towards
production models that are not only centered on technological innovation and economic growth,
but also on a commitment to environmental responsibility and sustainability [76,77,78]. Thus, 15.0
1s essentially about integrating the capabilities of humans with the advancements i technology to
create a more harmonious and productive work environment [77,78,80,81]. The following are the

key facets of 15.0.

Human-Machine Collaboration: In 15.0, machines are not just working autonomously; instead,
they're designed to work alongside humans, leveraging their cognitive abilities and problem-solving
skills [81]. For instance, in manufacturing, collaborative robots (cobots) are used to assist workers in

repetitive or physically demanding tasks, enhancing productivity while ensuring safety.

Customization and Flexibility: One significant aspect of 15.0 1s its capability to produce customized
products efficiently [76, 77,78, 80]. Advanced manufacturing technologies allow for greater flexibility
i production lines, enabling the customization of products to meet specific customer demands

without sacrificing efficiency.

Human-Centric Solutions: 15.0 focuses on how technological advancements can improve the lives

of workers. Technologies like wearable devices, exoskeletons, and augmented reality are employed



not just to boost efficiency but also to ensure the well-being and comfort of workers leading to

icreased job satisfaction and reduced physical strain [36].

Sustainability and Social Responsibility: 15.0 prioritizes sustainable practices, and technologies are
utilized not only to enhance productivity but also to reduce waste, energy consumption, and
environmental 1mpact [2, 76, 77]. Businesses are needed to consider their social responsibility by

ensuring fair labor practices and contributing positively to their communities.

Thus, the transition from 14.0 to 15.0 mvolves a fundamental shift in mindset—from a focus on
automation and efficiency to a more holistic approach that values the synergy between human skills
and technological advancements [2, 76, 77, 77,78,79]. The aim 1s to create workplaces that are not

only highly efficient but also safer, more adaptive, and socially responsible.

As Table 1 suggests, the 15.0 model 1s a paradigm-shifting model that aims to create a data-driven
industrial ecosystem that values sustainable development of industry 15.0 was introduced based on
the assumption that 14.0 and its associated technologies focus more on the effectiveness and
efficiency than the principles of social fairness and sustainability [27,39, 61]. In the process, it shifts
the focus to stakeholder value from shareholder value [1].

Table 1: Comparison of Industry 4.0 and Industry 5.0

Evolution phases

Aspects :>

Industry 5.0

Xu et al., 2021 [2]
Ivanov, 2022 [39]

Industry 4.0

Sindhwani et al., 2022 [3]
Ghobakhloo et al., 2022 [40]
Huang et al., 2022[27]
Broo et al., 2022 [28]

Lu et al., 2022 [40]

Maddikunta et al., 2021 [36]
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While 14.0 aligns with traditional economic models emphasizing profits and shareholder mterests,
1t may aggravate some of the underlying socio-environmental 1ssues such as regional inequality,
environmental degradation, and global economic fragility [42]. As it primarily aimed at promoting
efficiency using technology and maximizing the interconnectedness and applications of technologies,
its technologies compete with employees threatening jobs. By contrast, 15.0 represents a new shift
in the way humans and technology interact, as it seeks to foster harmonious collaboration between
them while addressing environmental challenges and prioritizing well-being of the stakeholders.
With a focus on human-centricity, sustainability, and resilience, 15.0 aims to create a future where

technology serves humanity in a responsible and ethical manner. Thus, 15.0 1s not confined to

industry but has a more society-wide scope [2,3, 77].



As technology advances change the way value 1s created, exchanged, and distributed, it 1s imperative
that these technologies support environment ecology and circular economies. The integration of
disruptive technologies in CE improves productivity and quality through effective waste management
practices, thereby delivering economic, environmental, and societal benefits [41]. Moreover, Covid-
19 has emphasized the need to rethink existing working methods and strategies to make global
supply chains more resilient and sustainable [43,44]. For industry to respect its planetary boundaries,
it must adopt sustainable business models that re-use, repurpose, and recycle natural resources,
reduce waste, and reduce environmental impact, thereby contributing to more efficient, effective,

and environmentally friendly sustainability [3,27,36,39,41].

As a result of discussions organized by the Directorate "Prosperity’ in 2021, the European
Commiussion officially endorsed 15.0 for a Sustainable, Human-Centric, and Resilient European
Industry [2]. Considering the ongoing climate disruption and social tensions, 14.0 may not be an
effective framework by 2022, according to the European Commission [37]. 15.0 redefines value
chains, business models, and digital transformation in hyper connected environments [2,36].

While scholars have recently made contributions to exploring 15.0's values, these early works
concentrated on its microimplications. For example, 15.0 1s expected to contribute to several aspects
of sustainable development [45,37]. Despite this, little has been done to understand how 15.0 relates
to CE and which technologies can accelerate CE's implementation in the context of 15.0 According
to Xu et al. (2021) [2] it 1s crucial to mvestigate whether 14.0 enabling technologies can also help
realize 15.0 goals, or whether there is a need to develop new enabling technologies. 15.0 will require
substantial investment from all stakeholders and investments in digital technologies i the context of
sustainable development but there 1s little clarity about which technologies should be prioritized for

accomplishing circularity in 15.0 [46].
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Fig.2: Integration of digital technologies with circular economy towards Industry 5.0

Fig.2 presents the twelve digital technologies identified by the World Economic Forum as key
technologies towards future of production [47] and the eight phases of CE. [16,17,18,23]. The figure
summarises the key objective of the paper: the 1dentification of the digital technologies that advance
CE when transitioning from 14.0 to 15.0. The concept of 15.0 primarily focuses on assimilating the
sustamability and social integrity into a smart production system that were untouched mn the 14.0
paradigm [47]. Therefore, a symbiotic relationship between the two paradigms, 15.0 and CE can
enhance the utilization and restoration of the resources for a healthy planet.

There 1s vibrant discussion in the literature about the drivers and enablers of digital capabilities to
adopt CE [69, 70, 71]. At the same time, a few of studies have explored the associated challenges of
this transformation towards digitally enabled CE [72, 73]. Extant research on ‘digital’ circular
economy has examined the role of digital technologies for circular strategies in context of 14.0 [46].
Studies have explored the fusion of CE principles with digital technologies, offering various
perspectives and frameworks. For instance, Hatzivasilis et al. [82] developed a framework for
mdustrial IoT systems supporting CE, streamlining communication among IoT sensors and

facilitating integration with industrial cloud systems [82]. Other studies emphasized different aspects,
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like the economic analysis of implementing digital technologies for remanufacturing systems and the

mtegration of IoT to address challenges in zero waste management [82].

Karmaker et al., [79] examine sustainability of supply chains in the 15.0 context. They suggest that
active involvement of senior managers and financial support are crucial for enabling sustainability in
the supply chains [79]. Mukherjee et. al, [77] identify barriers for 15.0 implementation in emerging
economies and suggest that financial considerations, capacity scalability and reskilling are the most
significant barriers for transitioning into 15.0 in emerging countries. Enang et al., [76] provide a
systematic review of the emerging body of literature on the transition from 14.0 to 15.0. Narkhede
et al., [85] offer a systematic review of 15.0 literature in the context of the future of sustainable
manufacturing. Thus, a rapidly emerging body of literature 1s examining 15.0, its drivers and 1its
distinct 1impacts. However, although existing literature highlights the studies specific to drivers,
challenges and methodologies in the context of 14.0 and 15.0, extant studies have rarely examined
the technologies enabling CE during transition to 15.0. In this context, the paper makes a novel
contribution by examining the specific technologies that can accelerate CE when transitioning into

15.0.

3 Research Methodology

This section presents the research methodology for the prioritization of digital technologies that can
advance Circular Economy (CE) implementation in the context of 15.0. The schematic illustration
of the steps involved 1 this study 1s presented in Fig.3. Evaluating the relative hierarchy is a multi-
criteria problem and it1s noted that MCDM techniques such as Analytical Network Process (ANP),
TOPSIS, and ELECTREE have been widely used in literature. Considering the fact that no

quantitative measurements exist for these parameters, AHP technique that uses the perception score
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obtained from experts to assess the significance of digital technologies 1s adopted 1n this study. Fig.3
presents the steps mvolved in the adopted framework to evaluate the relative dominance of each

technology.

An expert-based survey was conducted among various decision makers involved in transforming
their respective organizations toward CE and digitalization in manufacturing. In this survey, their
perception on the relative comparison of each 15.0 techniques by evaluating over each CE phases 1s
collected. Subsequently, the significance of each CE phase identified in the literature review was
evaluated using the Analytical Hierarchy Process. Since the transition from 14.0 to 15.0 1s relatively
a new area, there may exist a difference in opinion when the perception of the relative importance
between the two technologies 1s collected. Since the AHP technique works on crisp decisions and
1s ushered by ambiguity and, thus, might not emulate human thinking [48, 62], the concept of Fuzzy
1s integrated with this study and thus Fuzzy Analytical Hierarchy Process (FAHP) is used in this

study to determine the hierarchy of identified technologies.

Identification of digital technologies that can advance
Circular Economy during the transition from 14.0 to 15.0

!
l Constitution of expert panel and collection of responses on Saaty scale ]
]
| Construction of decision matrix at the criteria and alternates level ‘
]
| Conversion of crisp matrices into fuzzy matrices |
1
| Determining the overall fuzzy score of each technology |
{
| Defuzzification to crisp score ‘
¥
| Determining the hierarchy of each technology |
1
‘ Sensitivity analysis |
i

| Theoretical and managerial implications |

Fig. 8. Schematic illustration of the steps in the proposed research method
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As Fig.3 suggests, the analysis first starts with the creation of a hierarchy model representing the total
number of layers in the study. This model gives an overview of the total number of criteria and the
alternatives as shown in Fig.4. This model 1s further used as an input to the perform FAHP analysis.

A detailed msight into the steps mnvolved i Fuzzy AHP 1s presented in the subsequent section

3.1. Fuzzy Analytical Hierarchy Process (FAHP): This section discusses the steps involved in

analyzing the 15.0 technologies and determine the relative hierarchy.

Step-1: At the primordium of analysis, the scale on which perception 1s intended to be collected
from the experts are identified. Considering the past research works, the Saaty scale, which was
widely adopted, 1s used 1n this study. This scale contains a wide range of ratings varying between 1
and 9 and 1s shown in Fig.5. A rating of 1 infers that the two alternatives which are being compared
are equally important. This scale also provides flexibility for the user to convert the crisp responses

mto fuzzy responses as apparent from Fig.).

Ubiquitous linked sensors | Al |
| c1 | Raw Material New computing technologies | A2 |
Energy capture, storage and transmission | A3 |
‘ c2 | Design
Advanced materials and nanomaterials | A4 |
| €3 | Production and Remanufacturing Artificial intelligence and robotics | A5 |
| Cc4 | Distribution Block chain and distributed ledger technology | A6 |
5 Consumption, use, re-use and Biotechnologies | A7 |
repair
Additive manufacturing | A8 |
{ C6 | Collection
Geoengineering | A9 |
| Cc7 | Recycling
Virtual and augmented realities | Al10 |
| 8 | Residual Waste Neurotechnology | Al1 |
Space technologies | Al12 |

Fig.4. Hierarchical model showing the criteria and the alternatives
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Step-2: The obtained responses from the experts are used to construct the pair-wise comparison
matrix of alternatives by evaluating them over each criterion. An average method 1s used to create a
representative sample of the responses obtained from the group of experts. As an alternative to the
average method, the geometric mean method and range consideration method can also be adopted.

The typical representation of the decision matrix 1s shown mn Eq.1.

Equal Wealk Strong Demonstrated Absolute
dominance dominance dominance dominance dominance
1 2 3 4 5 6 7 8 9

Fig. 5. Crisp and Fuzzy (Triangular fuzzy) weights of Saaty scale

[ C1 C2 C3 c4 Cn
C1 1 C12 C13 Cia 7 Cip
C2 1/C12 1 Ca3 Coaa 0 Cop
Mm=le3 Yo e o1 Csp  ** Cap n=123..m (1)
¢4 1/ C14 1/ C24 1/ C34 1 Tt Can
Cn 1/ Cin 1/ Can 1/ C3n 1/ Can L]

where m 1s the total number of criteria

Step-3:  As part of the evaluation of the sigmficance of each digital technology, the extent analysis
method [57] is used. To assist in understanding Chang's extent analysis, we present the
mathematical underpinnings below.

Based on the assumption that A = [x1, x2, x3, .... xn| 1s the array of objects and O = [G1, G2, G3,
.... Gn] 1s the set of objectives, The Chang extent analysis approach calculates the extent of an object

in relation to each objective
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Fuzzy extent value of each goal (G1) 1s computed using triangular fuzzy numbers. Say, if the number
of extent values 1s represented using Eq. 2, the fuzzy extent value of an object can be calculated using

Eq. 3 [58].

Vol, V VOu VOL’ Vosi (};, i=12,...n (2)
v n v -1
Sp = Vo]i ® ZZ Vg]l ()
j=1 i=1j=1

where V:qu (=12, 3,.....v) represents the triangular fuzzy numbers, S; 1s a normalized fuzzy number,
and m denotes the number of extent analysis values for each object. Fuzzy addition operation is

performed using Eq. 4 for the computation of second terms in Eq.3 i.e., 2" v

j=1"o0i
m
ZV Zp“quz (4)
j=1 j=1 j=1
Further, to compute [Z’f:l i=1 ngl] , the fuzzy addition operation, as shown in Eq. 5, 1s
performed
n
Z [ : ®)
i=1 = Z T' Z:llql 2?129

Step-4: Formulation of overall performance matrix

In this stage of analysis, overall performance of each alternative 1s determined by evaluating each
alternative across all criteria resulting in a fuzzy performance matrix.

Step-5: The defuzzfied score helps in determining the hierarchy of technologies on which
manufacturing companies should focus on the transition to 15.0 from 14.0.

Step-6: In the last stage of analysis, sensitivity analysis 1s performed to check the credibility of the
derived hierarchy.

Step-7: Theoretical and practical implications are drawn to ease the transition from 14.0 to 15.0
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3.2. Sample

To acquire the perception of the identified technologies, an expert panel comprising sustainability
heads and engineers 1s constituted. As 15.0 adoption 1s in its mitial stages, this study explores a
targeted sample rather than a general one. The sample for this research involved fifty-two industry
leaders from forty-six manufacturing companies that have started the implementation of 15.0 and
circular economy. The experts were 1dentified from a database of Confederation of Indian
Industries India, Society of India Automobiles, APO Japan, and China Productivity Center in the
Republic of Taiwan.

A prior inquiry was made by visiting the websites of applicable organizations and calling them
to determine whether any of them have embraced 15.0 and CE. If yes, it was also inquired whether
their management has given due importance to facilitating its implementation. Among the targeted
sample were chief sustaiability officers and heads of digital transformation, who averaged 17 years
of mdustry experience. Selecting the experts was based on the following criteria: 1) have at least a
bachelor's degree in technology/engineering; 2) possess leadership experience in digitalization and
circular economies within the organization and be available throughout the study period. The data
was collected online between December 2021 and March 2022. Approximately thirty minutes were
required to complete the survey. The sample size of the research is adequate and in line with

research pragmatism [59] due to the novelty of the investigation.

4 Analysis and Results

4.1 Analysis

The analysis started with the collection of responses from each of the experts in the panel to
prioritize the 15.0 technologies for advancing CE. The cumulative score of each digital technology
was evaluated by assessing them over various CE phases using FAHP using the framework presented

n section 3.
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The experts were asked to determine the significance of each digital technology over the
other by evaluating them over one CE phase at a time. The equivalent analysis 1s made at the criteria
level 1.e., different elements of the circular economy. These responses were collected using the Saaty
scale and the obtained responses are used in constructing the decision matrices. A sample decision
matrix showing the dominance of each digital technology when evaluated by considering raw
material as a criterion i1s shown in Table I of online Appendix-I.

Equivalent attributes corresponding to the evaluations made by considering each other CE
phases are also available. It may be noted that the criteria-criteria matrix referring to the evaluation
of CE phases 1s not constructed as it 1s suggested that there exists no relative hierarchy among the
different elements of CE leaving the decision-decision matrix as the identity matrix i.e., all the
elements of the matrix are equal to 1.

After the creation of decision matrices, considering the range of responses obtained from
the expert panels, an offset distance of 1 1s considered and the responses are fuzzified using the scale
presented i Fig.5. Subsequently, the fuzzified matrices are constructed by considering by converting
the crisp responses mto fuzzy responses. Table II of online Appendix-I presents the defuzzfied
score of each technology. The obtained fuzzy score of each technology 1s further de-fuzzfied to
derive the crispscore that helps in understanding the hierarchy of each technology. The total integral
value approach is adopted 1n this study for defuzafication. Eq.2 presents the mathematical relation

used to de-fuzzfy a fuzzy number (x, y, z).

TAA) = (1/2) A2+ y + (1-0) x], A€ [0, 1] (6)

Where, A indicates an optimism index, explaining the attitude of the experts. A higher value
of A specifies a high level of optimism. The value of 0 signifies a pessimistic level, that of 0.5 signifies
a moderate level, and 1 signifies the optimistic views of the experts. The total integral values parallel
to each alternative are calculated using Eq.6 for obtaining the defuzzafied score concermng the

discrete value of A at 0.5.
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4.2 Empirical Results

The defuzzfied score of each technology 1s presented in Table.2. The empirical analysis suggests

that 6 out of 12 digital technologies of 14.0 are significant for achieving circular economy when

transitioning into 15.0. These six digital technologies explain nearly 70% of the variance in the

experts’ feedback on the relevance of different digital technologies for circular economy. These are

ubiquitous sensors (0.174), new computing technologies (0.158), energy capture, storage, and

transmission (0.155), advanced materials and nanomaterials (0.15), artificial intelligence, and

robotics (0.15), and blockchain technologies (0.148). The hierarchy remains unaltered by the change

in the degree of optimism.

Table.2 Overall dominances of each technology in terms of fuzzy and de-fuzzfied score

Ubiquitous linked sensors (0.396, 0.129, 0.040) 0.174
New computing technologies (0.357, 0.118, 0.039) 0.158
Energy capture, storage and (0.361, 0.112, 0.036) 0.155

transmission
Advanced materials and nanomaterials (0.342, 0.112, 0.034) 0.15
Artificial intelligence and robotics (0.343, 0.111, 0.034) 0.15
Block chain and distributed ledger (0.388, 0.110, 0.035) 0.148

technology

Biotechnologies (0.240, 0.075, 0.024) 0.103
Additive manufacturing (0.209, 0.064, 0.019) 0.089
Geoengineering (0.201, 0.059, 0.018) 0.084
Virtual and augmented realities (0.193, 0.058, 0.018) 0.081
Neurotechnology (0.096, 0.023, 0.008) 0.037
Space technologies (0.085, 0.022, 0.007) 0.034

Note: De-fuzzified score 1s based on an optimistic score of 0.5
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Thus, the results suggest that by using ubiquitous sensors, it will be possible to utilize resources more
efficiently and sustaiably, which is also the objective of CE in 15.0. When adopted with new
computing technologies, 15.0 will benefit by optimizing strategies, reducing mnput materials, and
improving process innovation to achieve CE. By reducing energy, water, and chemical consumption,
sensor-based technology 1mproves production efficiency, thereby lowering the company's
environmental footprint. CE can be accelerated in 15.0 by combining ubiquitous sensors, cutting-
edge computing technology, and blockchain, enabling circularity of resources, creating better value
propositions, augmenting decision-making processes, and analyzing a huge amount of data
generated by smart devices. As a result of the combination of cyber-physical systems including
networking, ubiquitous sensors, new computing technologies, artificial intelligence, robotics, and
blockchains, an intelligent manufacturing environment can be created to achieve cleaner production

strategies using cyber-physical systems.

5. Discussion

This research paper analytically examines the key technologies that advance circular economy when
transitioning from 14.0 to 15.0. The new results presented here suggest that ubiquitous lnked
sensors, new computing technologies, energy capture, storage and transmission, advanced materials,
Al and robotics, block chain technology, and additive manufacturing are crucial for CE when

transitioning into 15.0.

Ubiquitous sensors: The ubiquitous sensors received the highest rating (0.174) in experts' ratings
and will enable more efficient and sustainable resource use, which is also CE's objective. With 15.0,
CE can be accelerated by utilizing ubiquitous sensors, enabling circularity of resources, improving
value propositions, strengthening decision-making processes, and analyzing huge amounts of data
generated by smart devices. Ubiquitous sensors, also known as IoT sensors, track assets and guide

decisions that can reinforce CE principles. As an example, German Thyssenkrupp uses IoT to
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reduce waste and enable predictive maintenance on elevators [86]. As another example, a public-
private partnership helped develop Greenlab Skive in Danish Skive Municipality [87]. Energy
exchanges between organizations are made possible by the mtegrated intelligent infrastructure in the
park, which optimizes energy use and facilitates business energy exchanges. There are many
examples of such technologies being used in the EU, for instance, TagltSmart. These smart tags
allow stakeholders - from the factory to recycling; to producers and consumers - to track items and

provide additional information [88].

New computing technologies: New computing technologies received an overall score of 0.158, and
ranked highly by experts. Using new computing technologies, life cycle assessments can be used to
suggest new materials. The advancement of computing technology 1s having a significant impact on
the design and development of sustainable materials, making them eco-friendlier than ever before,
enabling the circular economy to become a reality, as well as creating a more sustainable world. New
computing technologies, including machine learning and quantum computing, enable us to advance
CE despite the constraints of the linear economy. Connected technical infrastructure will advance
sustainability by enabling data exploitation from the edge to the cloud, experiments, and

collaboration among inter-organizations.

Energy capture, storage and transmission: By capturing, storing, and transmitting renewable energy
efficiently during 15.0, CE can be accelerated as a result of reducing reliance on fossil fuels, as
evidenced by the high score (0.155 in the experts' score) in the expert survey. Although the
technological advancements of 14.0 are applicable to 15.0, new mnovations in capturing, storing, and
transmitting renewable energy must achieve a balance between humans and machines while
protecting the planet from degrading environmental conditions at the same time. As a result of
energy capture, storage, and transmission technologies, substantial amounts of waste can be reduced

during the production of components, materials, and final products. Through digital tools, waste,
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emissions, and resource consumption can be reduced. By capturing, storing, and transferring
renewable energy efficiently, CE can be accelerated i the 15.0 transition by reducing the need for
traditional fuels in the process of the transition.

Advanced materials and nanomaterials: The expert score of 0.15 illustrates that by repurposing
waste materials as part of nanotechnology, useful resources can be developed by repurposing waste
materials as part of nanotechnology in order to develop useful resources. There are a number of
opportunities to use them, including recovering materials and energy from waste, reducing pollution,
and creating a more sustainable economy as a result.

Artificial Intelligence and Robotics: The use of artificial intelligence in the circular economy has also
been given a high score of 0.15 by an expert analysis of the use of artificial intelligence in the circular
economy. Al can also identify opportunities for circular economy imtiatives, minimize waste and
mcrease efficiency for CE. Furthermore, designers can refine design suggestions with artificial

mtelligence by testing various designs with different materials and architectures.

Block Chain Technology: As evidenced by the score of 0.148, Block chain technology can enhance
circularity as it increases traceability of recycled rare metals in secondary markets, which can

significantly enhance the circularity of recycling rare metals.

As manufacturing moves towards 15.0, CE m manufacturing 1s about creating products that are
environmentally friendly, durable, reusable, and able to be disassembled, upgraded, and reused.
Even though there is much work to be done, ubiquitous sensors, advanced materials, nanomaterials,
Al robotics, and additive manufacturing have the promise to accelerate CE during 15.0 transition

based on the results presented in Table.2.

15.0 represents a paradigm shift in the way humans and technology mteract. It seeks to foster
harmonious collaboration, address environmental challenges, and prioritize the well-being of all

stakeholders. With a focus on human-centricity, sustainability, and resilience, the 15.0 aims to create

22



a future where technology serves humanity in a responsible and ethical manner, paving the way for
a better world. Last but not least, 15.0 1s not confined to the mdustry from which it derives the tag of

mdustrial revolution, but its scope 1s society wide.

6 Conclusion

At present, businesses across the world are undergoing transition on two main axes: emergence of
circular economy and technological advances acting as a lever for value creation. Both developments
have the potential to transform economy and society. Currently, the European Union (EU) and
national policymakers are making signmficant efforts to promote both transitions - but these efforts
are rarely aligned. Based on the analysis of feedback received from policymakers and experts
working towards digitalization and CE in manufacturing, six technologies are predicted to have the

most significant impact on CE when transitioning into 15.0.

Contribution to theory

The 15.0 research area 1s currently at the very beginning of its development, so the existing literature
tends to focus almost exclusively on definitions, concepts associated with, benefits of, and
contributions to 15.0, as well as its adoption [1,2,3,4,36,37,39,40]. Despite the fact that 15.0 is often
discussed as a method of promoting sustainability through digitalization, its linkage to sustainability
practices, such as circular economies, 1s still not fully explored in the literature. Several prominent
researchers have emphasized the need for further research into integration of 15.0 along with
contemporary practices to develop a theory [777,78,79, 80,84]. The paper aligns the two discussions
that are often held separately (I5.0 and CE), while acknowledging their relevance to greater
sustamability and competitiveness. To the best of the authors' knowledge, this 1s the first study that

examines the relationship between 15.0 and CE and determines which technologies of 15.0 should

23



be prioritized to achieve circular economy principles. Moreover, expert judgments and model
mtervals have never been captured using interval-valued fuzzy sets (IVFS) within 15.0 and this can

be argued as a methodological contribution of this study.

Managerial implications

The adoption of CE and 15.0 1s one key enabler for organizations to become carbon-neutral by
2050, meet the Sustainable Development Goals 3. The lack of research explicitly linking 15.0 and
CE results in a managerial dilemma: which digital technologies to deploy for implementation and
which technologies to prioritize?

As a major goal of this study, 1t aims to merge and align two often divergent discussions among
experts on CE and the transition to 15.0, while also recogmzing that both transitions will increase
competitiveness and sustainability. In a step towards achieving CL, this research prioritizes digital
technologies within the context of 15.0 based on the analysis of experts’ feedback using the Fuzzy
AHP approach. The originality of the study lies in the expert-based perspective that it takes on 15.0
and 1ts relation to CE, and on a practical level, identifies technologies that must be prioritized if CE
1s to be realized. Expert feedback reveals that six digital technologies explain nearly 70% of experts'
opinions about fast tracking CE adoption in 15.0. These are ubiquitous sensors, new computing
technologies, energy capture, storage, and transmission, advanced materials, nanomaterials, artificial
mtelligence, robotics, and block chain technologies. Moreover, it demonstrates an opportunity to
create a fruitful alignment to improve disruptive technologies in the manufacturing sector. The

results are more broadly applicable to other sectors and country contexts.

Limitations
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The primary focus of the paper 1s to investigate the influence of 15.0 on CE application in the
manufacturing sector. However, this research is profoundly reliant on the understanding of experts
and rigorous investigation of the perceived impact of digital technologies in accelerating CE adoption
in manufacturing industries. Furthermore, the digital technologies examined here are yet to reach
the stage of a practical and marketable level of maturity. This study also focuses on large-scale
organizations, as 15.0 technologies are yet to reach a mature level of execution in small-and medium-
scale industries. Nevertheless, this study offers key evidence for the requirement to create more

structured models that can be established empirically and longitudinally.

Directions for Future Research

In the 2021-2027 Multiannual Financial Framework (MFF), the Commission proposes allocating
15% of the budget to mnovation and digital, contributing to the transition to a (digital) CE. Even
though EU agencies have not comprehensively linked digitalization with the transition to a CE when
developing policies and funding projects, more can be done to align these agendas. Further studies
are required to assess the strategies that can be used by various establishments in diverse settings for
mtegrating 15.0 with CE. Future studies can explore the key challenges in integrating sustainability

with 15.0 technologies.

After full implementation of 15.0, manufacturers will be able to provide more accurate, up-to-date
data and a better understanding of the many issues they face, allowing for more objective analysis
and correlation. Subsequent research with OEMs who have implemented 15.0 technologies across
the supply chain will help test hypotheses and lead to more detailed theory building. More research

1s needed to gain a better understanding of how 15.0 1s applied in different industries.
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Also, future research can draw a comparison between developing and developed countries regarding
the prioritization of 15.0 technologies in implementing CE in manufacturing industries. Many
challenges, barriers, and risks need to be addressed to achieve a (digital) transition to a CE, which
can be a fruitful area of future research. Further studies might be required to assess the strategies
embraced by various establishments in diverse settings for integrating 15.0 with contemporary
practices. Businesses preparing to mtiate 15.0 can start with small-scale research and continuous
improvement in a controllable and affordable manner. Additionally, companies must develop
practical, large-scale case studies that describe and assess the factors they must consider when
mcorporating 15.0 mto their ongoing sustainable development frameworks. For this, the
development of a new tool that provides a practical and usable charter for manufacturing
organizations to decide how to start, scale, and sustain the 15.0 transformation can add significant
value. Overall, this paper makes a compelling case for achieving the sustainability goals in industry
as technology evolves over time, and suggests that dramatic advances such as ubiquitous sensors,
new computing technologies, Al and robotics, and blockchain technologies can be leveraged

systematically to advance the principles of CE.
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